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Reactive power adequacyAbstract A risk-based approach for short term security assessment with voltage stability con-
straint is presented in this paper. This approach includes voltage-stability considerations in reactive
power adequacy assessment of a composite power system. The proposed method is based on
probabilistic criteria because deterministic risk criteria do not define consistently the true risk in
the system. For risk calculation, in this paper, load and parametric uncertainties and system
contingencies are considered. Then the effects of uncertainties and contingencies on bus voltage
violation are calculated. The required reactive power is determined based on the calculated voltage
violation in order to maintain the bus voltage in an acceptable range. At the end, to make a
trade-off between reliability and economics, the local reactive power adequacy is calculated using
the reliability cost/worth concept. The effect of voltage violations on reliability indices and required
reactive power is illustrated in a reliability test system (6-bus RBTS).
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Voltage stability has been defined by the system dynamic per-
formance committee of the IEEE Power Engineering Society
as the ability of a system to maintain voltage, so that when
load admittance is increased, load power will increase, andboth power and voltage are controllable [1]. Voltage instability
typically occurs on power systems that are heavily loaded,
weakened by transmission outages or subjected to reactive
power shortages. It is associated with reactive power deficien-
cies and may result in uncontrollable system-wide voltage col-
lapse, loss of loads and blackout [2]. Voltage stability is
commonly analyzed by employing two techniques, namely
dynamic simulation (time-domain) and steady-state analysis.
Depending on the stability phenomenon or phenomena under
investigation, one or both of these techniques may be applied
[3]. The focus of this paper is to provide a risk-based approach
to static voltage assessment and reactive power adequacy.
The prevailing practice in industry to avoid voltage collapse
is to maintain a deterministic reliability margin on bus
voltages, reactive power requirements, transfer capability, or
system loading levels such that the system can survive under
Nomenclature
L vector of real and reactive powers of the load
SD standard deviation
E(x) expected value of x
Var(x) variance of x
UP uncertain parameter
N(E(), Var()) normal distribution
* superscript represents system set point
0 subscript denotes operating point
Vth voltage threshold
gd generator dispatch
pf load power factor
fx Jacobean matrix
fUP derivative of f with respect to parameter UP
132 M. Rahimi et al.any single component failure. Deterministic approaches effec-
tively avoid the collapse by using a conservative safety buffer
against all the dangerous possibilities [2]. Most of the compu-
tational tools developed so far are based on deterministic
criteria, i.e., on the basis of a predetermined set of severe
and credible situations. A voltage collapse normally results
from a variety of single or multiple contingencies such as a
sudden removal of real/reactive power generations or trans-
mission elements (a transformer or transmission line), or an
increase in the system load without adequate increase of reac-
tive power. Voltage stability is greatly dependent upon the
amount, location and type of reactive power sources available
in the system. If the reactive power support is insufficient in
quantity or physically far away, then a normal contingency
such as a line outage or a sudden load increment can trigger
a large system voltage drop.
Voltage collapse has been examined in [1,2] and [4–6] recog-
nizing the uncertainty associated with the system operation.
Adequacy evaluation of a composite generation and transmis-
sion system involves simulation and load flow analysis of each
possible outage condition in the system in order to determine
the ability of the system to supply load without voltage viola-
tion, equipment overloads, violations of generator MVAr,
etc., and to quantitatively express the deficiencies, if any, in
terms of reliability indices. In [7], probabilistic indices, risk, to
assess real-time power system security level is developed. A
security risk assessment scheme of power system using fast
probabilistic power flow is proposed in [8]. The scheme took sta-
tic power-frequency characteristics into account, and fast
decoupled power flow was used to solve probabilistic power
flow. The effect of line contingencies on static voltage stability
and maximum loadability in a large power system is considered
in [9]. In [10,11], voltage stability boundary values are deter-
mined for the analysis of short-term voltage stability. In [12],
unstable states caused by unsolvability and voltage controllabil-
ity loss in the voltage stability probabilistic assessment are ana-
lyzed. A decentralized adaptive emergency control scheme
against voltage instability by segregating the system into several
local areas or zones based on the concept of electrical distance is
proposed in [13]. In [14], a method to assess voltage stability sta-
tus using a unique two-bus p-network equivalent derived with
OPF solution is proposed. The method considered an SVC
and a TCSC in OPF formulation to assess voltage stable states.
In spite of the fact that voltage instability is mainly due to
reactive power deficiency, reactive power adequacy is not
investigated in most of the published literature related to
probabilistic voltage stability. This paper presents a
contingency enumeration approach for voltage stability
assessment in order to determine the adequacy of reactive
power in the system. So, it is assumed that generation sourcesare sufficient and fully reliable and only transmission system
outages are considered. A risk index is developed for voltage
insecurity under parametric and load uncertainties. The pro-
posed risk index provides a quantitative justification of system
reliability in terms of system economics. The impacts of con-
sidering voltage violation constraints on reliability indices are
illustrated by application to a reliability test system.
2. Model description
2.1. Suppositions
The objective of this paper was to determine the risk of voltage
violation under short term operating conditions. A given oper-
ating condition has a strong correlation with its condition in
the near future and, therefore, the expectation of the future
condition can be predicted. The variation of the future condi-
tion is small such that some linear approximations are valid [2].
Once a disturbance occurred, the post contingency perfor-
mance is considered as the base for risk evaluation. So, the
steady state model of the system is used for the analyses pre-
sented in this paper. Contingencies are assumed to be indepen-
dent of each other, and they are also independent of other
system parametric deviations. The impact of each contingency
is assumed to include only the influence of voltage out-of-limit
and its effect in terms of load interruption.
A degree of uncertainty exists in the load forecast for the
near future. A short term load forecast provides an expectation
of load E(L) and its variance Var(L). It is assumed that the
predicted load is normally distributed, L  N(E(L), Var(L)).
The standard deviation is SD ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃVarðLÞp . The normal distri-
bution can be approximated by a discrete seven interval model
[15]. The load representing each interval mid-point is associ-
ated with the designated probability for the class interval.
For example the probability of being load in the interval
EðLÞ  0:5SD < L < EðLÞ þ 0:5SD is 0.2417.
Future load power factors, generation dispatch and other
system parameters may not also be certain. In this paper, a
degree of uncertainty is assumed for the power factor associ-
ated with all load buses and generation dispatch. The uncer-
tain parameter is represented with notation UP. In order to
include the uncertainty associated with UP, it is assumed that
UP is normally distributed with expectation E(UP) and stan-
dard deviation SD(UP)(UP  N(E(UP), SD(UP)2)).
2.2. Informal deviation and sensitivity analysis
The first order sensitivity of the bus voltages with respect to
any parameter UP, under short term load changes is derived
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Figure 1 Single line diagram of the RBTS.
Table 1 Transmission line data of the RBTS.
Line From bus To bus Length (km) Permanent outage
rate per year
1 1 3 75 1.5
2 2 4 250 5
3 1 2 200 4
4 3 4 50 1
5 3 5 50 1
6 1 3 75 1.5
7 2 4 250 5
8 4 5 50 1
9 5 6 50 1
Table 2 Basic load point indices for the short term voltage-
based risk assessment.
Bus Probability of
load interruption
Average load
Curtailment (kW)
Cost of service
interruption (C$)
3 6.42  104 2.4747 29.695
4 6.597  104 2.8058 33.665
5 9.99  104 8.5592 102.71
6 0.0088 4.9099 58.91
Short term voltage-based risk assessment 133in this section. Suppose that the equilibrium of the power sys-
tem should satisfy the following equation:
fðx;L;UPÞ ¼ 0 ð1Þ
where x is the vector of state variables and L is the vector of
real and reactive load powers. Let L0 be the real and reactive
load powers at the operating equilibrium. For each discrete
interval of the load, the power system equilibrium is expressed
as follows:
fðx;UPÞ ¼ 0 ð2Þ
where f(x, UP) is a function of x and UP. Linearization of (2)
about (x*, UP*) yields
½fxðDxÞ þ ½fUPðDUPÞ ¼ 0 ð3Þ
where fx is the Jacobean matrix and fUP is the derivative of f
with respect to parameter UP]* means evaluated at (x*, UP*).
From (3) we have
Dx ¼  ½fxð Þ1½fUPðDUPÞ ð4Þ
Hence, due to the uncertainty associated with UP, the state
variable x can be expressed as follows:
x ¼ x0  f1x  fUP  DUP ð5Þ
where DUP= UP  UP0 and UP0 is the expected value of
parameter UP. From (5), if UP is a normally distributed
random variable UP  N(E(UP), Var(UP)), and x is also a
random variable. The expected value and variance of x are
as follows:
EðxÞ ¼ x0
VarðxÞ ¼ Diag ½ f 1x  fUP
  SDðUPÞ2  ½ f 1x fUP
 T 
8<
:
ð6Þ
Var(x) is a vector and Diag is an operator to extract the
diagonal terms of a square matrix to a vector. So, phase and
magnitude of bus voltages are random normal variables. Under
or over-voltage protection is widely used in both power system
networks and loads. Additionally, load shedding schemes are
used to prevent the system from cascading voltage collapse
[16,17]. These protection schemes will automatically trip the
individual load or load groups under a condition that voltage
is violated from its thresholds, leading to service interruption
of some users. Also, some loads may stop operating when the
voltage is unsustainable. A load shedding policy is considered
here in which an individual load or load group is removed when
its voltage violates its thresholds, Vth. Besides, only the amount
of load required to return the voltage to the predefined
acceptable range is removed. In order to assess the reactive
power adequacy, only contingencies associated with transmis-
sion component outages are considered and it is assumed that
active power generation sources are sufficient. The proposed
algorithm is briefly described in the following steps:
1. List all transmission line contingencies up to two simultane-
ous outages.
2. For each contingency and with the first step of the load dis-
tribution model (the discretized normal distribution) obtain
the operating equilibrium by AC load flow. Then, random
values of voltage angle and voltage magnitude of all load
buses are calculated using Eqs. (2)–(5).3. At this step, UP is a random variable. Consequently, volt-
age angles and voltage magnitudes are also random
variables.
4. Repeat step 2 for the 2nd to the 7th step of load level.
Having all of the calculated random voltages of load buses,
the short term system risk (probability of service interrup-
tion and its associated cost) caused by under/over voltage
is obtained.
Figure 2 Loss of load probability (a) buses 3–5 and (b) bus 6 and overall system.
134 M. Rahimi et al. Load power factor (pf) as uncertain parameter UP (pf  N(E
(pf), SD(pf)2)):
For load Li = Pli + jQli at bus i with power factor pf, we
have
Pli ¼ Sli  pf
Qli ¼ Sli 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 ðpfÞ2
q( ð7ÞThe derivation of Pli and Qli with respect to pf is
dPli
dðpfÞ ¼ Sli ð8Þ
dQli
dðpfÞ ¼ 
pfﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 ðpfÞ2
q Sli ð9Þ
For example, for a 2-bus system with one PV bus and one
PQ bus, (2) is expressed as follows:
Figure 3 Cost of interruption service (a) buses 3–5 and (b) bus 6 and total system.
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Figure 4 Loss of load probability at different buses with respect to the normalized transmission line failure rates.
Figure 5 Cost of interruption service at different buses with respect to the normalized transmission lines failure rates.
Table 3 Basic load point indices for the short term voltage-
based risk assessment.
Bus Probability of
load interruption
Average load
curtailment (kW)
Cost of service
Interruption (C$)
3 4.75  104 1.646 19.75
4 2.14  104 0.079 0.9507
5 7.28  104 5.483 65.79
6 0.0018 2.992 35.89
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X2
j¼1
jv1jjvjjjY1Jj cosðd1  dj  h1jÞ
pl2 
X2
j¼1
jv2jjvjjjY1Jj cosðd2  dj  h2jÞ
Ql2 
X2
j¼1
jv2jjvjjjY2Jj sinðd2  dj  h2jÞ
0
BBBBBBBBBB@
1
CCCCCCCCCCA
¼
f1ðx; pfÞ
f2ðx; pfÞ
f3ðx; pfÞ
0
B@
1
CA ¼ fðx; pfÞ ¼ 0
ð10Þ
Table 4 Average load curtailment cost, load curtailment per contingency (MW), contingency occurrence probability (T= 2 h) and
required reactive power capacity of bus 3.
Number Contingency
(line outage)
Required reactive power
per contingency (MVAr)
Load curtailment
per contingency
(MW)
Contingency
occurrence probability
(T= 2 h)
Expected load
curtailment cost
(C$)
Expected required
reactive power cost
($)
1 No
contingency
0 0 0.995 0 0
2 L1 8 3.65 3.42  104 14.6 27.36
3 L2 0 0 1.14  103 0 0
4 L3 0 0 9.13  104 0 0
5 L4 0 0 2.28  104 0 0
6 L5 0 0 2.28  104 0 0
7 L6 8 3.65 3.42  104 14.6 27.36
8 L7 0 0 1.14  103 0 0
9 L8 0 0 2.28  104 0 0
10 L9 0 0 2.28  104 0 0
11 L1 L2 34 18.87 3.89  107 0.0885 0.13226
12 L1 L3 14 5.93 3.12  107 0.0222 0.04368
13 L1 L4 9 1.87 7.79  108 0.0018 0.007
14 L1 L5 8 1.61 7.79  108 0.0015 0.0062
15 L1 L6 0 0 1.16  107 0 0
16 L1 L7 34 18.87 3.89  107 0.0885 0.13226
18 L1 L8 16 7.26 7.79  108 0.0068 0.0125
19 L1 L9 0 0 7.79  108 0 0
20 L2 L3 0 0 1.04  106 0 0
21 L2 L4 0 0 2.59  107 0 0
22 L2 L5 0 0 2.59  107 0 0
23 L2 L6 34 18.87 3.89  107 0.0885 0.13226
24 L2 L7 0 0 1.29  106 0 0
25 L2 L8 0 0 2.59  107 0 0
26 L2 L9 0 0 2.59  107 0 0
27 L3 L4 0 0 2.08  107 0 0
28 L3 L5 0 0 2.08  107 0 0
29 L3 L6 14 5.93 3.12  107 0.0222 0.04368
30 L3 L7 0 0 1.04  106 0 0
31 L3 L8 0 0 2.08  107 0 0
32 L3 L9 0 0 2.08  107 0 0
33 L4 L5 0 0 5.19  108 0 0
34 L4 L6 9 1.84 7.79  108 0.0017 0.007
35 L4 L7 0 0 2.59  107 0 0
36 L4 L8 0 0 5.19  108 0 0
37 L4 L9 0 0 5.19  108 0 0
38 L5 L6 7 1.52 7.79  108 0.0014 0.0054
39 L5 L7 0 0 2.59  107 0 0
40 L5 L8 0 0 5.19  108 0 0
41 L5 L9 0 0 5.19  108 0 0
42 L6 L7 33 19.23 3.89  107 0.0902 0.12837
43 L6 L8 16 7.26 7.79  108 0.0068 0.01246
44 L6 L9 0 0 7.79  108 0 0
45 L7 L8 0 0 2.59  107 0 0
46 L7 L9 0 0 2.59  107 0 0
47 L8L9 0 0 5.19  108 0 0
Short term voltage-based risk assessment 137Using (3), we have
½f1xðx; pfÞ
½f2xðx; pfÞ
½f3xðx; pfÞ
0
B@
1
CA
Dv2
Dd1
Dd2
2
64
3
75þ
Sl1
Sl2
þ Sl2ﬃﬃﬃﬃﬃﬃﬃﬃ
1pf20
p
0
BB@
1
CCADðpfÞ ¼ 0 ð11Þ
Hence:Dv2
Dd1
Dd2
2
64
3
75 ¼ 
½f1xðx; pfÞ
½f2xðx; pfÞ
½f3xðx; pfÞ
0
B@
1
CA
1 Sl1
Sl2
þ Sl2ﬃﬃﬃﬃﬃﬃﬃﬃ
1pf20
p
0
BB@
1
CCADðpfÞ ð12Þ
So, if the power factors of all loads in PQ buses are equal to
pf, and pf is a normal random variable (pf  N(E(pf), SD
(pf)2)), the voltage magnitude of the i-th PQ bus is also a
Figure 6 Service interruption cost with respect to the cost of local reactive power source, bus 3.
138 M. Rahimi et al.random variable with expected value of Vi0 and standard devi-
ation of ðf1x  fpÞ
h i
i
 SDðpfÞ. The operator ]i operates on the
ith element of ðf1x  fpÞ
h i
.
 Generator dispatch (gd) as uncertain parameter UP (gd  N
(E(gd), SD(gd)2))
For a 2-bus system with one PV bus and one PQ bus, and
considering generator dispatch as parameter UP, using (3) and
(4) we have
½f1xðx; gdÞ
½f2xðx; gdÞ
½f3xðx; gdÞ
0
B@
1
CA
Dv2
Dd1
Dd2
2
64
3
75þ
1
0
0
0
B@
1
CADðgdÞ ¼ 0 ð13Þ
Thus,
Dv2
Dd1
Dd2
2
64
3
75 ¼ 
½f1xðx; gdÞ
½f2xðx; gdÞ
½f3xðx; gdÞ
0
B@
1
CA
1
1
0
0
0
B@
1
CADðgdÞ ð14Þ2.3. Load shedding for voltage recovery
With the normal distribution of bus voltages, the expected
load shed at each bus u, under the exposure of uncertain load
level and a given contingency Fi, is expressed as
Eðload shedjFiÞu ¼
Xn
j¼1
Xn
k¼1
Eðload shedjVkbus;LjÞ
u
Fi
 pðVkbusÞ  pðLjÞ
ð15Þ
where Eðload shedjVkbus;LjÞ
u
Fi
is the expected load shed at bus u
and is obtained by load flow calculation at load level j, voltage
level k and contingency Fi. In (15) the normal distributions ofload and bus voltage are approximated by the seven interval
model. So, n is equal to 7. p(Lj) and p V
k
bus
 
are respectively
the probability of load being at the level j and the bus voltage
at level k. Considering all the contingences, the expected value
of load shed at each bus u due to voltage violation is
Eðload shedÞu ¼
X
Fi
Eðload shedjFiÞu  pðFiÞ ð16Þ
where p(Fi) is the probability of contingency Fi. In order to
assess the reactive power adequacy of a power system, only
the contingencies associated with transmission component out-
age are taken into account. Calculating Eðload shedjVkbus;LjÞ
u
Fi
,
for a 2-bus system with one PV and one PQ bus is explained as
follows. Assume that the voltage magnitude of bus 2, V2, is
below the limit Vth, and DV2 = Vth  V2. Using (2) and (3),
Dx is equal to DV2 0 0½ T and the load that is required
to be shed from bus 2 is equal to the 2nd element of vector
(fP  DP) .
3. Simulation and short term risk assessment
The single line diagram of the 6-bus RBTS is shown in Fig. 1
[18]. This system has 1 slack bus, 1 PV bus, 4 PQ buses and 9
transmission lines. The total number of generating units is 11
with a rating of 240 MW.
Table 1 lists the nominal failure rate of different lines. Power
factors of all loads are assumed to be 0.9. Short-term voltage-
based risk assessment of the RBTS-test system is performed
assuming that the forecast load at each bus is normally dis-
tributed with a standard deviation of 5 percent. So, the total sys-
temannual peak load is a normal randomvariablewith expected
value of 185 MW and standard deviation of 9.25 MW. In short
term risk calculation, the probability that a transmission line
with failure rate ki fails is approximated by pðFÞ ¼ k  T where
T is the time interval used in risk calculation.
Figure 7 Service interruption cost with respect to the cost of local reactive power source, bus 4.
Short term voltage-based risk assessment 1393.1. Load power factor (pf) as uncertain parameter and T = 2 h
It is assumed that the expected value and standard deviation
of pf are respectively 0.9 (E(pf) = 0.9) and 5 percent (SD(pf) =
(0.05  0.9)). Also Vth (threshold voltage) of each load bus
is assumed to be 0.85 pu. The cost of each kW load loss for
2 h is considered to be 12 C$ [19]. Table 2 shows the
probability of load interruption, average load curtailed and
expected cost of service interruption at different buses in the
RBTS.Figure 8 Service interruption cost with respect toFigs. 2 and 3 show the impacts of varying the voltage
threshold (Vth) on the system and load point risk indices (prob-
ability and cost of service interruption) at Buses 3 to 6. It can
be seen from the results that for a given voltage threshold, the
risk associated with Bus 6 is much higher than that of Buses 3,
4 and 5. In addition, the results indicate that for a given volt-
age threshold the overall system risk index is greatly dependent
on that of Bus 6. The reason for this is that Bus 6 is far from
generation sources and may be disconnected from the network
by a single contingency.the cost of local reactive power source, bus 5.
Table 5 Thresholds of reactive power injection, load curtail-
ment reduction and loss of load probability reduction due to
local reactive power compensation for different buses.
Bus Local threshold reactive
power injection (MVAr)
Average load
curtailment
(kW)
Probability of
load
interruption
3 8 0.035 1.69  104
4 7 0.076 1.86  104
5 14 0.109 3.67  104
6 13 0.039 0.0066
140 M. Rahimi et al.Figs. 4 and 5 show the effects of varying transmission line
failure rates on the load point risk indices. In these figures,
axis-x represents percent value of transmission line failure
rates with respect to original values shown in Table 1.
3.2. Dispatch of generator 2 as uncertain parameter
It is assumed that expected value of gd is 130 MW and its
standard deviation is 5 percent (SD(gd) = (0.05  130)). Also
voltage threshold of each load bus is assumed to be 0.85 pu.
Table 3 shows the probability of load interruption, average
load curtailment and expected cost of service interruption for
different buses in the RBTS.
3.3. Reliability and reactive power
It is well known that voltage instabilities are mostly due to
reactive power shortages. So, for a given load level a certain
capacity of local reactive power sources is needed to provide
an acceptable level of reliability. In the study results presented
in this paper, for reactive power adequacy assessment, only
transmission line contingences are considered, and it is
assumed that generation units are fully reliable. In order to
determine reactive power adequacy, for each transmission line
contingency, the average reactive power required at each load
point to maintain a voltage greater than Vth is determined.
Then, considering all transmission line contingences, up to
two simultaneous outages, and using the concept of reliability
cost/worth the required reactive power for each bus is calcu-
lated. In order to determine the required reactive power source
capacity associated with each transmission line contingency at
a given load level, active and reactive power balance equations
are used. With the normal distribution of bus voltages, the
expected value of local reactive source for each bus u, under
the exposure to the uncertain load level and a given contin-
gency Fi, can be determined using the following equation:Figure 9 Service interruption cost with respect toEðQreqjFiÞu ¼
X7
j¼1
X7
k¼1
EðQreqjVkbus;LjÞ
u
Fi
 p Vkbus
   pðLjÞ ð17Þ
where E QreqjVkbus;Lj
 u
Fi
is the expectation value of required
reactive power for bus u under the exposure to load level j,
voltage level k and contingency Fi.
Consider the condition used in Section 3.1 (power factor as
UP and T= 2 h). Table 4 shows expected load curtailment
cost, load curtailment per contingency (MW), contingency
occurrence probability (T= 2 h) and expected required reac-
tive power capacity per contingency to prevent load shedding
at Bus 3.
The cost of capacitor bank is considered to be 10 $ per
kVAr [20]. The proper reactive power capacity for each bus
is determined using reliability cost/worth. It can be seen from
Table 4 that if a capacitor bank is used to inject 8 MVAr at
Bus 3, the improvement of load loss (for 2 h) would be
29.203 C$ i.e. interruption costs are associated with contingen-
cies 2 and 7. Figs. 6–9 show the service interruption cost with
respect to the cost of local reactive power source for Buses 3 to
6. The results show that, when injected capacity of the local
reactive power source is greater than a threshold level, consid-
erable reliability improvement (reduction in load curtailment)the cost of local reactive power source, bus 6.
Short term voltage-based risk assessment 141is observed. Table 5 shows these thresholds values along with
average load curtailment and loss of load probability due to
local reactive power compensation for different buses. Com-
paring the results presented in Tables 2 and 5 reveals that local
threshold reactive compensation causes considerable improve-
ment in system and load reliability indices.
4. Conclusion
In this paper a short term risk-based approach was presented
for security assessment of power systems. The method includes
voltage-stability considerations in reactive power adequacy
assessment. The risk calculation accounts for both the param-
eter and load uncertainties on the system and the consequences
associated with violation of limits. By using reliability worth-
reliability cost concept, the local reactive power adequacy of
system is calculated to make a trade-off between reliability
and economics. The impact of voltage violations on reliability
indices and reactive power requirement is illustrated by apply-
ing the method to RBTS test system.
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